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A B S T R A C T
Purpose: Frontal lobe epilepsy is a common epileptic disorder and is characterized by recurring seizures
that arise in the frontal lobes. The purpose of this study is to identify the epileptogenic regions and other
abnormal regions in patients with left frontal lobe epilepsy (LFLE) based on the magnetoencephalogram
(MEG), and to understand the effects of clinical variables on brain activities in patients with LFLE.
Method: Fifteen patients with LFLE (23.20  8.68 years, 6 female and 9 male) and 16 healthy controls
(23.13  7.66 years, 6 female and 10 male) were included in resting-stage MEG examinations. Epileptogenic
regions of LFLE patients were conﬁrmed by surgery. Regional brain activations were quantiﬁed using
statistical parametric mapping (SPM). The correlation between the activations of the abnormal brain regions
and the clinical seizure parameters were computed for LFLE patients.
Results: Brain activations of LFLE patients were signiﬁcantly elevated in left superior/middle/inferior
frontal gyri, postcentral gyrus, inferior temporal gyrus, insula, parahippocampal gyrus and amygdala,
including the epileptogenic regions. Remarkable decreased activations were found mainly in the left
parietal gyrus and precuneus. There is a positive correlation between the duration of the epilepsy (in
month) and activations of the abnormal regions, while no relation was found between age of seizure
onset (year), seizure frequency and the regions of the abnormal activity of the epileptic patients.
Conclusion: Our ﬁndings suggest that the aberrant brain activities of LFLE patients were not restricted to
the epileptogenic zones. Long duration of epilepsy might induce further functional damage in patients
with LFLE.
 2015 British Epilepsy Association. Published by Elsevier Ltd. All rights reserved.
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Epilepsy is a common neurological disorder. The essential
feature of epilepsy is the intermittent occurrence of epileptic
seizures, which are caused by abnormal synchronous discharges of
large numbers of neurons (including neocortex, paleocortex and
archicortex). The frontal lobes cover a large portion of cerebral
cortex—40% of the mass of the hemisphere, which contain multiple
brain functions, such as motor function, working and behavioral
memory, action integration, speech articulation, impulse control,
ideation, and creativity. The frontal lobe seizures affect functional
heterogeneity of the frontal lobes at large, as well as the direct
intra-hemispheric connections to temporal and parietal cortices
[1,2]. The seizure onset zone (SOZ) is deﬁned as a region of theserved.
H. Zhu et al. / Seizure 34 (2016) 38–43 39cortex that can generate epileptic seizures. For intractable
epilepsies, complete removal of epileptogenic zone is necessary
and sufﬁcient to be seizure-free and is the primary goal in epilepsy
surgery. However, the relationship between the epileptogenic zone
and other altered brain regions in front lobe epilepsy (FLE) network
is still unclear.
Epilepsy is being seen not as a disorder affecting one discrete
brain region but as a disorder of widespread brain networks.
Traditionally, SOZ was thought be a sole one. However, this
traditional point of view had been challenged by epilepsy network
models. There are growing evidences from neuroimaging that focal
epilepsies involve an abnormal functional network rather than a
single epileptogenic region [3–7]. Propagation of seizure activity
from onset zones to remote brain sites may give rise to a seizure
pattern implicating the brain region to which activity has
propagated, leading to incorrect localization of seizure onset
[8]. Especially for FLE, the frontal lobe cortex takes up around 40%
of the total cortex and rapid propagation of epileptic activity occurs
over large networks, causing difﬁculties in localizing epileptic
clusters [9].
With the development of medical imaging technology, there are
many advanced image techniques used to study the epileptogenic
zone and other brain activity. During the past decade, there have
been an increasing number of studies using structural or functional
connectivity methods to research the clinical impact of epilepsy on
neural networks [10–12]. Of the various preoperative diagnostic
modalities to approximate the epileptogenic zone, the ictal onset
zone on the intracranial EEG (iEEG) following subdural electrode
placement has been considered as a gold-standard in determining
the resection area [13–15]. A limitation of the iEEG method is that
investigating long distance propagation may require widespread
employment of larger intracranial electrode grids, which may
increase the risk of complication.
MEG is a noninvasive technique most commonly used to record
epileptic spikes and to determine their locations from magnetic
ﬁelds picked up extracranially [16]. It can also aid in determining
locations for iEEG electrode placement [17,18]. Previous studies
have shown that MEG is a clinically valuable diagnostic tool in
presurgical evaluation for both the localization of the epileptogenic
zone and prognosis of surgical outcome [19–21].
In this study, our hypotheses were as follows: (1) the resting-
state brain activity may be different across numerous brain regions,
rather than limited in SOZs, in left frontal lobe epilepsy (LFLE)
patients and healthy controls; (2) these differences could be related
to the clinical variables of LFLE; (3) the brain abnormalitiesof LFLE
patients could be relieved from surgery of the epileptogenic zone. To
conﬁrm SOZs, LFLE patients who planned to undergo surgical
treatments were included in our study. Risk factors, such as the age
of initial oneset, seizure frequency, and duration of seizures, were
recorded and followed up after surgery. The goal of this study was to
ﬁnd the relationships between abnormal brain activations mea-
sured by MEG and SOZs and clinical risk factors of LFLE.
2. Materials and methods
2.1. Subjects
This study was approved by the Medical Ethics Committee of
Nanjing Brain Hospital. Informed consent for the study was
obtained from all participants. From the period of January 2010to
August 2013, 141 patients with refractory epilepsy were admitted
to the epilepsy center of the Brain Hospital of Nanjing Medical
University (Nanjing, China) and underwent presurgical evaluation.
One hundred and eleven patients (78.7%) ultimately had cortical
resection to treat their epilepsy. Fifteen LFLE patients (all right-
handed, 6 female and 9 male, mean age 23.20  8.68 yr) wererecruited from the patients who underwent surgical resection for
medically intractable epilepsy. Inclusion criteria included (1) seizures
with typical frontal lobe semiology that were not controlled with
antiepileptic drugs; (2) an epileptogenic zone was located in the left
frontal lobe; (3) left hemispheric dominance for language determined
by neuropsychological evaluations (etomidate speech and memory
test); (4) patients who underwent surgery for resection of epilepto-
genic zone; and (5) follow-up time >12 months. In our study, there
were 3 lesional and 12 nonlesional patients. General information of
the patients is summarized in Table 1.
Sixteen healthy volunteers (all right-handed, 6 female and
10 male, mean age 23.13  7.66 years) were recruited as controls,
from local community by advertising in the Brain Hospital of Nanjing
Medical University. Healthy controls were interviewed and con-
ﬁrmed to have no history of neurological disorders or psychiatric
illnesses and no gross abnormalities in brain MRI images. In this
study, none of the patients and controls took antidepressants.
2.2. MEG data acquisition
Resting state MEG data were acquired by a 275-channel CTF
whole-head system (CTF VSM MedTech Systems Inc., Coquitlam,
BC, Canada) in a magnetically shielded room (Vacuumschmelze,
Hanau, Germany). Before MEG examinations, no reduction in the
antiepileptic medication was performed considering the potential
risks of epilepsy. The head position associated with the sensor
arrays of each subject was localized by three coils afﬁxed to the
nasion, left and right ears. A 3D T1 MRI was acquired to record the
locations of these three coils for later spatial registration. To
increase the likelihood of capturing interictal epileptiform
discharges (IEDs), we recorded 15 epochs (120 s/epoch) of
spontaneous brain activities using MEG to localize the epileptic
focus in clinical. At sampling rate 400 Hz, 120 s MEG data was
recorded for each subject as an epoch, which contained IEDs and
36,000 time points. During MEG recording, all subjects were asked
to close their eyes and keep their heads still. If head motion was
greater than 5 mm, the epoch was resampled.
2.3. Data processing
MEG data was band ﬁltered (range from 20 Hz to 70 Hz) by CTF
software (VSM MedTech Systems Inc. Canada, Version CTF-5.2.1) in
our MEG clinical center. After ﬁltering, MEG data was loaded into
SPM8 (Statistical Parametric Mapping, http://www.ﬁl.ion.ucl.ac.
uk/spm). MEG source localization was based on an empirical
Bayesian formalism [22]. To yield signiﬁcant differences at the
between-subject level, group inversion of SPM8 was used for 3D
source reconstruction. For each subject, the T1 MRI was used for
registration. Three markers on T1 MRI, i.e., nasion, left and right
ears, were clicked to co-register the MEG of each subject to MNI
space. The single sphere model was used as the forward model and
then the MEG data was inversed by the Bayesian framework. The
MEG activation maps were smoothed by FWHM of 8 mm before
group-level statistical analysis.
2.4. Statistical analysis
One-way analysis of covariance (ANCOVA) with age and gender
as covariates was applied to compare SPM activation maps of LFLE
patients and those of healthy controls. Voxel-based P values less
than 0.05 were considered statistically signiﬁcant. Based on the
voxel-wise signiﬁcant differences, brain regions with suprathres-
hold clusters were deﬁned as regions of interests (ROIs). Mean
activation value was computed using Automated Anatomical
Labeling atlas. Group-level analysis was performed between the
LFLE and control groups. Regional differences were detected by
Table 1
Demographic and clinical characteristics of the patients.
No Age (year)/
gender
Age at
onset
(year)
Seizure
frequence
(per mo)
Duration
of seizure
(year)
MRI
(lesion location)
EEG (intra/
extraoperative)
Surgical procedure Pathology Followup(mo)/
outcome(Engle)
1 22/M 16 5 12 LF LF FL Neuronaldegeneration 12/IIA
2 16/M 7 4 8.5 NM LF, LP FL + PL Neuronaldegeneration 12/IB
3 45/F 33 4 12 LF LF Lesionectomy + FL FCD 12/IIB
4 28/M 10 12 18 LF LF Lesionectomy + FL FCD 14/IB
5 21/M 7 6 13.5 LF LF Lesionectomy + FL FCD 14/IIB
6 13/F 5 6 7.5 LF LF FL Neuronaldegeneration 12/IA
7 28/M 20 12 8 NM LF FL + MST Neuronaldegeneration 18/IB
8 10/F 8 8 2 LF LF FL + MST Neuronaldegeneration 18/IIB
9 25/M 20 8 5 LF LF Lesionectomy + FL Ganglioneuroma 24/IIA
10 25/M 20 4 4.5 LF LF Lesionectomy + FL LF Gliosis 24/IA
11 32/F 19 8 13 LF LF FL Neuronaldegeneration 20/IIA
12 22/M 20 12 2 NM LF FL + MST FCD 18/IIA
13 21/M 15 2 6 LF LF Lesionectomy + FL LF Gliosis 24/IA
14 15/F 5 2 10 LF LF FL Neuronaldegeneration 32/IA
15 19/F 10 2 9 LF LF Lesionectomy + FL LF Gliosis 36/IB
Abbreviations: M = male; F = female; NM = normal;LF = left frontal; LP = left parietal; FL = frontallobectomy; MST = multiple subpial transection; PL = parietallobectomy;
FCD = focal cortical dysplasia; intra/extraoperative = intraoperative or/and extraoperative.
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lated between the mean activation of ROIs and the clinical
variables of LFLE (e.g., seizure onset, frequency, and duration). P
values less than 0.05 were regarded as statistically signiﬁcant.
3. Results
Compared with healthy subjects, the LFLE patients were of
signiﬁcant increased activations in the ipsilateral (left side)
superior, middle, inferior frontal gyri, postcentral gyrus, inferior
temporal gyrus, insula, parahippocampal gyrus and amygdala.
Other than elevated activations, the LFLE patients also had
reduction of MEG activations, which were mainly localized in
the left parietal gyrus and precuneus, as shown in Table 2 and
Fig. 1. However, we did not ﬁnd any difference after false discovery
rate (FDR) between lesional and non lesional cases with same
method.
The relationship between the abnormal ROIs mentioned above
and clinical variables (age at seizure onset, frequency of seizures,
duration of seizures) were evaluated using correlation analysis. We
found that multiple abnormal regions (amygdala, postcentral
gyrus, superior parietal gyrus) were signiﬁcantly associated with
duration of seizures (Table 3), whereas no ROIs were related with
the frequency of seizures and age at seizure onset.
4. Discussion
In this study, we used the method of SPM to measure the
bioelectric activity of MEG in epileptic and distant brain regionsTable 2
Brain regions with increased and decreased activations of the patient group.
Brain regions Voxels T valu
Left inferior frontal gyrus 1269 2.67
Left superior frontal gyrus 369 3.12
Left middle frontal gyrus 286 2.69
Left amygdala 166 2.74
Left parahippocampal 202 2.53
Right parahippocampal 228 2.50
Left postcentral gyrus 417 2.89
Left inferior temporal gyrus 820 3.14
Right inferior temporal gyrus 1340 3.47
Left insula 1017 2.94
Left precuneus 386 2.66
Left superior parietal gyrus 821 3.61during the interictal period between patients with LFLE and
healthy subjects. Epileptiform discharges in MEG signals were
visually identiﬁed. After labeling representative epileptic spikes,
epileptic sources could be localized by ﬁtting either equivalent
current dipoles or synthetic aperture magnetometry models
[23,24]. However, both methods were cumbersome and time
consuming, and required considerable practical experience to
minimize errors. Dynamic statistical parametric maps had recently
been introduced for evoked MEG analysis [25]. Clinical studies in
patients with partial epilepsy suggested that it had advantages
over a single-dipole model in analyzing interictal MEG spikes [26–
28].
Signiﬁcant differences were observed in the spatial pattern and
activations in the two groups. These ﬁndings were discussed
further below. These results revealed that the irritative zones were
beyond the seizure onset zone. Many studies had shown that
connectivity abnormalities were not restricted to the ipsilateral or
contralateral frontal lobes, involving temporal and insular lobes as
well [29–31].
Compared to the healthy control group, activations in the
ipsilateral (left side) superior frontal gyrus, middle frontal gyrus,
inferior frontal gyrus, postcentral gyrus, inferior temporal gyrus,
insula, parahippocampal gyrus and amygdala of the patients, were
including the epileptogenic regions. We proposed that the
activations in speciﬁc regions may form irritated areas that might
be responsible for seizure genesis and propagation. Some scholars
used similar methods to put forward the views above. Fahoum
et al. found activations in the ipsilateral frontal operculum,
thalamus, internal capsule, cingulate gyrus and the contralaterale MNI coordinate
X Y Z
 50 46 8
 24 38 14
 24 36 22
 20 2 26
 22 2 30
 22 10 30
 52 4 16
 54 4 34
 62 20 30
 28 20 10
 2 46 54
 22 54 54
Fig. 1. Statistical parametric maps depict activations (warm colors) and decreases (cool colors) of LFLE patients compared with those of controls. Signiﬁcant increases occur in
ipsilateral (left side) superior, middle, inferior frontal gyri, postcentral gyrus, inferior temporal gyrus, insula, parahippocampal gyrus and amygdala, while decreases occur in
the left parietal gyrus and precuneus.
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a crucial role acting as a seizure generator in response to chemical
and electrical stimulation and as an ampliﬁer of epileptic activity
when seizures were generated elsewhere [33].
For medically intractable frontal lobe epilepsy, surgical
treatment result in resection of the seizure onset zone could
achieve the primary therapeutic goal of seizure freedom with
minimal side effects [34]. Unlike temporal lobe epilepsy, FLE had
not a standard or guideline in the surgical management. The
commonly used surgical procedures including lesionectomy and
multiple subpial transection (MST). MST was occasionally carried
out where the epileptogenic zone was in an area of eloquent cortex
[35,36]. In this study, all of the patients were diagnosed with LFLE
and underwent lesionectomy and/or frontal lobectomy, 3 of which
were combined with MST. The seizure freedom (Engel class I) rate
of them was 53.3% (8/15), which was lower than that in temporal
lobe epilepsy (65%). The reasons are as follows: (1) the frontal lobe
is a large part of the brain with complex structure and functions;
(2) the frontal cortex have extensive contacts with temporal,
parietal and occipital lobes on cortical and subcortical structures;
(3) The origin of the frontal lobe seizures quickly spread to the
outside of the frontal cortex and therefore it is difﬁcult to locate
epileptogenic focus; (4) FLE has no standard or guideline in the
surgical management.Table 3
Correlations between the abnormal activities and the duration of seizure.
Brain ROI P value R value
Left inferior frontal gyrus 0.3649 0.229
Left superior frontal gyrus 0.4053 0.183
Left middle frontal gyrus 0.5493 0.081
Left amygdala 0.0494 0.619
Left parahippocampal 0.1209 0.459
Right parahippocampal 0.0682 0.538
Left postcentral gyrus 0.0224 0.708
Left inferior temporal gyrus 0.1797 0.389
Right inferior temporal gyrus 0.6030 0.023
Left insula 0.5722 0.011
Left precuneus 0.3093 0.284
Left superior parietal gyrus 0.0352 0.614The deactivations found in FLE patients were believed to reﬂect
decreased brain activity or dysfunction in the special regions in this
study. Compared with healthy controls, LFLE patients showed
multifocal dysfunction mainly in parietal gyrus and precuneus
which were found in the default mode network (DMN). Deactiva-
tions within the DMN are considered to result from the disruption
of neuronal activity, and are commonly used to reﬂect associated
impairments in brain disorders. FLE patients often present a few
abnormal psychological and psychiatric symptoms associated with
the functionalities of the DMN [37], as well as attention, logical
memory, behavioral adjustment impairments, visual reproduction
and associative learning [38–41]. Focal cortical hypometabolism
appears to be common in patients with chronic and severe epilepsy
[42]. Some research suggests that at least some components of the
cortical hypometabolism may be the consequence rather than
cause of repeated seizures, and that widespread cortical hypome-
tabolism may be due to the progressive extension of dysfunctional
cortex associated with chronic seizures [42,43]. Long-term
repeated seizures will not only damage frontal lobes, but also
other brain regions. A relatively large dysfunctional area was
observed in the parietal lobe in this study. Jung and Haier proposed
the parieto-frontal integration theory and emphasized the crucial
process of information communication between association
cortices within the frontal and parietal brain regions [44]. Gifted
mathematical thinking abilities were supported by a cooperative
fronto-parietal network [45–48]. The lateral parietal cortex was
involved in spatial attention aspects of word reading [49]. Carrie
et al. considered the parietal lobe hypometabolism was related to
dysfunction in the FLE [50]. The precuneus has been reported to be
involved in consciousness, engaged in self-related mental repre-
sentations during rest [51] and related to the late recovery of
consciousness in epilepsy patients [52]. The results revealed that
the discharges of the refractory FLE spread diffusely and FLE was
not a focal disease but a network disease.
Our study had some limitations. Our sample size is small. All of
our patients were drug-resistant, which constitutes a selection bias
from our epilepsy center. We did not compare the preoperative
brain activities of FLE with the changes of postoperative patients.
Longitudinal studies in larger cohorts could address these issues.
This study was limited by not comparing abnormal activities with
H. Zhu et al. / Seizure 34 (2016) 38–4342neuropsychological ﬁndings and prognostic factors. Although we
had obtained robust alternations in the group level, it is still
difﬁcult to conﬁrm epileptogenic zones of individual patient by
only using MEG. Multi-modality imaging methods should be
performed in future studies.
5. Conclusion
In our study, we used the methods of SPM to study how brain
activity in LFLE patients differs from brain activity in healthy
controls. Speciﬁcally, duration of epilepsy was strongly associated
with intensity of abnormal activity in the LFLE patients. In the
study, we further conﬁrmed that FLE is not a focal-focus but a
multi-focus disease. And long-term repeated seizures would
damage the surrounding brain regions. The mechanism of these
extensive abnormal activities need further study.
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